We report magnetic, transport, and neutron diffraction measurements as well as a doping study of the V-phase compound Zr 4 Fe 4 Si 7 . This compound exhibits collinear antiferromagnetic order below T N = 98 ± 1 K with a staggered moment of 0.57(3)μ B /Fe as T → 0. The magnetic order can be quenched with Co substitution to the Fe site, but even then a 1.5μ B /Fe paramagnetic moment remains. The resistivity and heat capacity of Zr 4 Fe 4 Si 7 are Fermi-liquid-like below 16 and 7 K, respectively, and reveal correlations on the scale of those observed in superconducting Fe pnictides and chalcogenides. Electronic structure calculations overestimate the ordered moment, suggesting the importance of dynamical effects. The existence of magnetic order, electronic correlations, and spin fluctuations make Zr 4 Fe 4 Si 7 distinct from the majority of Fe-Si compounds, fostering comparison instead with the parent compounds of Fe-based superconductors.
It is believed that the pairing mechanism in the Fe pnictide and chalcogenide superconductors stems from spin fluctuations associated with proximity to a magnetic phase boundary. [1] [2] [3] [4] The Fe tetrelides, composed of anions of group 14, often take the same crystal structures as these compounds. They have not been found to manifest high temperature superconductivity, however, and in most cases lack even Fe-based magnetic order. While superconducting Fe tetrelides have been reported-notably Lu 2 Fe 3 Si 5 (T c = 6.1 K) and related compounds 5 as well as YFe 2−δ Si 2 (T c = 3 K), which is isostructural with BaFe 2 As 2 (Ref. 6 )-correlations in these materials are often minimal, and their superconducting states do not appear to be associated with Fe magnetism. [7] [8] [9] [10] Zr 4 Fe 4 Si 7 is an Fe tetrelide that forms in the tetragonal, ringlike V-phase structure. 11 While this structure type has been known for decades, 12 most studies of V-phase compounds to date have focused on crystallography, 13 and it is not yet known if these materials exhibit magnetic order or superconductivity. Nonetheless, resonant photoemission measurements on Ti 4 M 4 Si 7 (M = Co, Ni) 14 found the top of the valence band to be dominated by M-3d states, suggesting proximity to magnetism. Moreover, core level spectroscopy suggested that both compounds are metallic and, most interestingly, that replacing Ni with Co or Fe would lead to enhanced electronic correlations. 14 We synthesized single crystals of Zr 4 Fe 4 Si 7 and via magnetic and neutron measurements found this compound to be a rare example of an Fe tetrelide with magnetic order. Transport measurements and electronic structure calculations revealed enhanced correlations similar in magnitude to those present in the parent compounds of Fe superconductors. Perhaps most interestingly, the onset of magnetic order in Zr 4 Fe 4 Si 7 can be suppressed to lower temperatures with Co doping, even as the Curie-Weiss moment remains large, revealing that the collapse of magnetic order in this compound is not due to the abatement of the moments. This combination of magnetic order with a robust paramagnetic moment makes Zr 4 Fe 4 Si 7 distinct from the typically uncorrelated Fe tetrelides but is more characteristic of the Fe pnictide and chalcogenide superconductors. 15 We grew lustrous, acicular crystals of Zr 4 Fe 4 Si 7 as large as 0.2 × 0.2 × 12 mm 3 from a solution with an atomic ratio of 4:4:7:735 (Zr:Fe:Si:Ga). The crystals were cleaned with HCl, and the structure was confirmed with x rays. Compositions were verified by energy dispersive x-ray spectrometry with a JEOL 7600F analytical SEM. The dc susceptibility of a batch of crystals mutually oriented along their c axes and wrapped in Au foil was measured from 1.8 to 400 K in a Quantum Design Magnetic Properties Measurement System (MPMS). Resistivity was measured with a 1 μA ac current along the c axis in a Quantum Design Physical Properties Measurement System (PPMS) from 0.42 to 300 K. Heat capacity was measured from 1.8 to 300 K in a PPMS. Neutron diffraction from a polycrystalline sample prepared via solid state reaction was done at beamline HB-2A of the High Flux Isotope Reactor between 4 and 140 K using wavelengths λ = 1.538 and 2.41Å. The magnetic structure was determined via representational analysis with FULLPROF and SARAh. 16, 17 Electronic structure calculations were carried out using the all electron linearized augmented plane wave (LAPW) method as implemented in the WIEN2K code. 18 We used the Perdew-Burke-Ernzerhof parametrization of the exchange-correlation potential in the generalized gradient approximation (GGA). 19 The number of k points in the irreducible Brillouin zone was 110 for a total of 1600 k points, and R mt K max = 9.0. Figure 1 shows the magnetic and physical properties of Zr 4 Fe 4 Si 7 , revealing order at 98 K. In Fig. 1(a) we plot the dc magnetic susceptibility χ = M/H with a field H = 1 T oriented both parallel and perpendicular to the c axis. In both cases, a maximum corresponding to the onset of order occurs at 98 ± 1 K. Anisotropy in χ is modest, being 10% for all T investigated. As we show in Fig. 1 The resistivity ρ and heat capacity C P confirm the onset of order at T N . In Fig. 1(c) , we show that ρ increases with T , revealing Zr 4 Fe 4 Si 7 to be a metal. The slope of ρ(T ) increases abruptly as the sample is cooled through T N . The inset shows that ρ − ρ 0 ∝ T 2 when T 16 K with proportionality constant A = 3.4 × 10 −3 μ cm/K 2 , where ρ 0 is the resistivity at T = 0.42 K, indicating Fermi-liquid-like behavior. There is no indication of superconductivity above 0.42 K. A feature at T N is also visible in the C P data presented in Fig. 1(d) , indicating that the transition is likely to be bulk. At 300 K, C P falls short of the 177 J/mol Fe K Dulong-Petit limit, suggesting that the Debye temperature θ is substantially higher. The inset shows a linear relationship between C P /T and T 2 for T 7 K, yielding θ = 900 ± 25 K.
The calculated phononic contribution C lattice obtained from θ significantly underestimates the measured C P , and we presume the excess C = C P − C lattice is in part due to magnetic interactions. The linear relationship between C P /T and T 2 also allows for isolation of the electronic contribution γ = 13 mJ/mol Fe K 2 , reflecting moderate mass enhancement over the γ = 6-9 mJ/mol Fe K 2 reported for the R 2 Fe 3 Si 5 superconductors 10 and more substantial enhancement over the γ = 1-3 mJ/mol Fe K 2 reported for binary Fe-Si compounds. 20 In comparison, quasiparticle masses in the Fe pnictides are enhanced by a factor of 2 to 3 above the free electron value. 4 Thus, while measurements of ρ and C P confirm the magnetic transition, their behavior as T → 0 reveals that Zr 4 Fe 4 Si 7 fosters reasonably strong electronic correlations.
The magnetic structure determined by neutron diffraction is presented in Fig. 2 . In Fig. 2(a) we show a refinement at T = 4 K and λ = 1.538Å. Patterns obtained below T N include a single magnetic peak at Q = 1.08Å −1 , which is indexed by the propagation vector k = (0,0,1), indicating that the body-centered symmetry of the nuclear structure is not present in the magnetic structure. The nuclear space group I 4/mmm contains 16 operations, all of which leave k invariant. The magnetic representation of the Fe site can be decomposed to a series of irreducible representations (IRs) 21 of the group of these 16 operations. This decomposition yields ten IRs, which were compared to the data. Only one IR, 7 by Kovalev's tables, 22 proved suitable for modeling the pattern. The model in Fig. 2(a) was generated from refinement of the nuclear structure and the magnitudes of the two basis vectors associated with 7 . Figure 2 (b) shows the refined static moment M at several temperatures. Magnetic intensity appears below T N , and M reaches a value of 0.57(3)μ B /Fe as T → 0. We fit these data with a power law M ∝ t β , where reduced temperature t = (T − T N )/T N . The critical exponent β = 0.17(3) is substantially smaller than those of three-dimensional mean field (β = 0.5) and Heisenberg and Ising universality classes (β 0.33), giving an overly sharp curvature and suggesting that the transition may have either some degree of first order character or reduced dimensionality. 23 Figure 2 (c) depicts the crystal structure and Fig. 2(d) the magnetic structure. Chains of moments coalign along c, and neighboring chains are antialigned, resulting in an antiferromagnetic configuration. The moment along c stems from one of the two basis vectors associated with 7 . The second vector would cant the moments. While permitted by symmetry, a nonzero magnitude for this vector does not improve the refinement, and we observe no indication of peaks that would support this possibility. Even if we cannot rule out that these peaks are present, the level of the background constrains the canting angle to 10
• . In sum, Zr 4 Fe 4 Si 7 exhibits a simple magnetic structure and both a modest T N and T → 0 moment, similar to those of the Fe pnictides. 24 Analogously, we expect that superconductivity would require suppression of this antiferromagnetic state.
We show in Fig. 3 As x increases, the cusp at T N shifts to lower T , but no superconductivity is observed above 1.8 K for any x. Plots of 1/χ in Fig. 3(b) reveal agreement with the Curie-Weiss law for all x < 1. The slope of 1/χ exhibits a steplike decrease with x, as depicted in Fig. 3(c) . For 0 x 0.199, the effective moment p is nearly unchanged from 2.0(1)μ B /Fe, even as T N is suppressed from 98 to 5 K [ Fig. 3(d) ]. For 0.249 x 0.314, however, p takes a new value near 1.5μ B /Fe, and the reduction of T N with x slows. The temperature independent susceptibility χ 0 remains constant with x until p drops, whereupon it likewise begins to decrease. Here χ 0 is plotted per Fe atom, suggesting that the contribution of Co to the density of states at the Fermi level N (E F ) is minimal. Only by x 0.3 is N (E F ) per Fe apparently reduced by doping. The magnetic phase diagram appears in Fig. 3(d) . Figure 4 presents the GGA electronic structure of Zr 4 Fe 4 Si 7 . We show in Fig. 4 (a) the total and spin polarized Fe-3d densities of states N (E). The majority of N (E) near E F is of Fe-3d character, but we observe significant Zr-4d contribution. Substantial Fe-3d spin polarization is present, yielding a calculated moment of 1.08μ B /Fe-an overestimate of the neutron moment by a factor of ∼ 2. Even a calculation performed within the local spin density approximation, which typically underestimates the moment, 25 finds 0.87μ B /Fe. These significant overestimates suggest that the experimental moment is reduced by correlations beyond the static mean field exchange. Overestimate of the static moment by density functional theory has been recently examined for Fe pnictides and chalcogenides and has been explained as the result of quantum fluctuations, which may originate from proximity to a quantum critical point. 25, 26 Results in these systems also show large sensitivity to the method of approximating the exchange-correlation functional, 27 just as we find here. It is likely that Zr 4 Fe 4 Si 7 may also fall into the class of Hund's metals, in which correlations stem from Hund's coupling rather than solely from the Hubbard U . Hund's metals are characterized by strong charge fluctuations, and their moments are likewise overestimated by static mean field theories. 26, 28 In Fig. 4(b) we plot the electronic structure of Zr 4 Fe 4 Si 7 along 081107-3 several high symmetry directions, as defined in Fig. 4(c) . 29 The bands are nearly dispersionless along -M-X-, i.e., within the ab plane, suggesting that the charge carriers are heavy. Meanwhile five bands are active along the -Z (k z ) direction, and their bandwidth is large, ∼ 0.4 eV. As we saw for -M-X-, the dispersion across the top face of the Brillouin zone is again relatively small. This strong anisotropy is interesting given that χ is relatively isotropic, suggesting that the moments are derived from states far from E F .
The transport and magnetic data also show evidence of strong correlations. The Kadowaki 2 , where the Landé g factor g = 2, χ 0 = 1.2 × 10 −3 emu/mol Fe [ Fig. 3(c) ], and γ = 13 mJ/mol Fe K 2 [ Fig. 1(d) ]. This ratio indicates that χ 0 is more strongly enhanced by the correlations than is γ , suggesting that ferromagnetic spin fluctuations are present. We posit that these fluctuations may be related to the coaligned moments of nearest neighbor Fe atoms along the c axis.
Putting together the experimental results with the electronic structure, we begin to develop a cohesive picture of Zr 4 Fe 4 Si 7 .
In the pnictides and chalcogenides, superconductivity arises as magnetic order is extinguished. Our observations of Zr 4 Fe 4 Si 7 reveal moderately heavy quasiparticles, spin fluctuations, and the suppression of order with doping, suggesting that similar physics may be present in this compound, yet doping with Co does not yield a superconducting state. We put forth three reasons why this may be the case. First, p remains nearly invariant at 1.5μ B /Fe even as T N → 0 K. The local fields associated with these well formed moments could potentially provide a pair-breaking mechanism. It is interesting that the moment in the undoped compound is 2.0(1)μ B /Fe, almost exactly the sum of the 0.57(3)μ B /Fe ordered moment and the moment that remains after T N is suppressed with doping, as if the fluctuating component is decoupled from the electronic structure and is thereby unaffected by charge doping. X-ray emission spectroscopy measurements have revealed, however, that local magnetic moments on the order of 1-3μ B /Fe persist deep into the paramagnetic state of the Fe pnictides, 15 suggesting that their presence need not be the death knell for superconductivity. Second, the electronic structure of Zr 4 Fe 4 Si 7 is both more complicated and more anisotropic than those of the Fe pnictides, and the Fermi surface, unlike those of the pnictides, has no clear nesting vector. Third, and perhaps most important, a large R SW reveals that the very spin fluctuations thought to generate superconductivity in the pnictides are in this case ferromagnetic, serving instead to discourage the formation of Cooper pairs. It may be the Vphase structure, and specifically the linear chains of Fe atoms, that is ultimately responsible for all three of these phenomena. It is possible that the atomic site disorder introduced by doping Co atoms into these one-dimensional chains serves to preserve both the fluctuating local moments and their tendency towards coalignment even in the absence of order.
While Zr 4 Fe 4 Si 7 hosts correlations and tunable magnetic order, the moments are perhaps too local and the spin fluctuations too ferromagnetic to kindle superconductivity. On the other hand, many of the Fe tetrelides, apparently including those isostructural with high T c superconductors, are too weakly correlated to foster Fe-based magnetism. 10, 20 Zr 4 Fe 4 Si 7 provides a rare example of an Fe tetrelide in which there are large Fe moments as well as antiferromagnetic order, revealing that the tetrelides, like the Fe pnictides and chalcogenides, inhabit a spectrum that encompasses local moment magnets to itinerant metals, somewhere in the middle of which presumably lies superconductivity.
